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Observation of semileptonic B decays to narrow D** mesons
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(Dated: March 19, 2004)

Using 250 pb~! of integrated luminosity accumulated with the D@ detector during the period
between April 2002 and January 2004, we observe semileptonic decays of B — purD?(2420)X and
B — pvD;°(2460)X and make a preliminary determination of the product branching rate :

Br(B — uv(DY(2420), D3°(2460))X) - Br(D(2420), D5°(2460) — D*Tn™) = (0.280 %+ 0.021(stat) + 0.088(syst))%

where interference between the states is included.

Preliminary Results for Winter 2004 Conferences



I. INTRODUCTION

Orbitally excited states of the D meson are usually referred to as D** mesons. In the simplest case, D** mesons
consist of a light quark and a charm quark in a state with orbital angular momentum L = 1. In the limit m. >> Agcp,
the spin of the charm quark decouples from the other angular momenta and the angular momenta sum 57 =S + L of
the light quark spin S and the orbital angular momentum L is conserved. Thus, for L = 1 one expects one doublet
of states with j = 3/2 and another doublet with j = 1/2.

We will use the following notations for D** mesons : Dg°, D, D9(2420) and D3°(2460) where the first two
states correspond to j = 1/2 and the last two to j = 3/2. Conservation of parity and angular momentum restricts
the final states that are allowed in the decays of these four D** mesons. The states that decay through a D-wave
are expected to be narrow (20 + 30 MeV /c?) while the states that decay through an S-wave are expected to be wide
(several hundred MeV/c?). D9(2420) and D3°(2460) decay through a D-wave and are, therefore, expected to be
narrow. For a recent theoretical overview of the topic see Ref.[1]. The properties of the L = 1 states is summarized
in Table I.

TABLE I: Properties of D** mesons with L =1 [2]

State JE j=S+L Mass (MeV/c?) Width (MeV/c?) Decay Products
Dg? 0t 1/2 - - Dr

DY (2420) 1t 3/2 24222 + 1.8 18.9738 D*w

DY 1t 1/2 - - D*r
D;3°(2460) 2+ 3/2 2458.9 + 2.0 23+ 5 Dn,D*m

The narrow D**mesons have been previously observed in several experiments, most recently at Belle [3] and BaBar

[4].

The data set used for this analysis included approximately 250 pb~! of integrated luminosity accumulated by the
D@ detector between April 2002 and January 2004.

The DO detector is comprised of the following main elements. A magnetic central-tracking system, which consists
of a silicon microstrip tracker (SMT) and a central fiber tracker (CFT), both located within a 2 T superconducting
solenoidal magnet [5]. The SMT has ~ 800,000 individual strips, with typical pitch of 50 — 150 pm, and a design
optimized for tracking and vertexing capability out to |p| < 3. The system has a six-barrel longitudinal structure,
each with a set of four layers arranged axially around the beam pipe, and interspersed with 16 radial disks. The CFT
has eight thin coaxial barrels, each supporting two doublets of overlapping scintillating fibers of 0.835 mm diameter,
one doublet being parallel to the collision axis, and the other alternating by £3° relative to the axis. Light signals
are transferred via clear light fibers to solid-state photon counters (VLPC) that have &~ 80 % quantum efficiency.

A muon system resides beyond the calorimetry, and consists of a layer of tracking detectors and scintillation trigger
counters in front of 1.8 T toroids, followed by two more similar layers after the toroids. Tracking at |n| < 1 relies on
10 cm wide drift tubes [6], while 1 cm mini-drift tubes are used at 1 < || < 2.

The trigger and data acquisition systems are designed to accommodate the large luminosity of Run II. Based on
preliminary information from tracking, calorimetry, and muon systems, the output of the first level of the trigger is
used to limit the rate for accepted events to &~ 1.5 kHz. At the next trigger stage, with more refined information, the
rate is reduced further to &~ 800 Hz. These first two levels of triggering rely purely on hardware and firmware. The
third and final level of the trigger, with access to all the event information, uses software algorithms and a computing
farm, and reduces the output rate to &~ 50 Hz, which is written to tape.

Information only from the muon and tracking systems was used in this analysis. The events were reconstructed
using the p14 release of D@ software without particular trigger selections; however the majority of the selected events
satisfied single muon trigger requirements. Typically the low pp single muon triggers are prescaled at the first level of
the trigger. The integrated luminosity quoted above does not take it into account and corresponds to the luminosity
of the full DO dataset.

Evidence of D** mesons was found in decays of B — puvD*t X as resonances in the D**7~ [10] invariant mass
spectrum. D mesons were required to decay subsequently to D** — D%+ and D° — K—nt.

II. EVENT SELECTION

Muons were identified using standard DO criteria Ref.[7]. For this analysis, muons were required to have hits in
more than one muon chamber (nseg > 1), to have an associated track in the central tracking system with hits in
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FIG. 1: The invariant mass of the Kn system for =~ K~ 7t candidates. The curve shows the result of the fit of the K =t
mass distribution with a Gaussian signal peak and polynomial background. The total number of D°candidates in the peak is
103160 =+ 620. The peak at lower masses corresponds to the partially reconstructed decay D° — K~ 7" X where typically a 7°
is not detected.

both SMT and CFT present, and to have transverse momentum p¥. > 2 GeV/c, pseudo-rapidity |n*| < 2, and total
momentum p* > 3 GeV/c.

All charged particles in the event were clustered into jets using the DURHAM clustering algorithm [8]. Events with
more than one identified muon in the same jet were rejected, as well as the events with an identified J/v — ptp~
decay.

A. Selections for D°

The D° candidate was constructed from two particles of opposite charge included in the same jet as the reconstructed
muon. Both particles should have hits in SMT and CFT, transverse momentum py > 0.7 GeV/c, and pseudo-rapidity
In| < 2. They were required to form a common D-vertex with fit x% < 9. For each particle, the axial [11] e and stereo
[12] e, projections of track impact parameter with respect to the primary vertex together with the corresponding
errors (o(er), o(ey)) were computed. The combined significance \/(er/o(er))? + (€1 /o (€r))? was required to be
greater than 2. The distance d? between the primary and D vertex in the axial plane was required to exceed 4
standard deviations: d? /o (df) > 4. The angle af between the D’ momentum and the direction from the primary
to the DY vertex in the axial plane was required to satisfy the condition: cos(a®) > 0.9.

The tracks of muon and D° candidate were required to form a common B-vertex with fit x% < 9. The momentum
of the B candidate was computed as the sum of momenta of the p and D°. The mass of the (u~DY) system was
required to fall within 2.3 < M (u~D°) < 5.2 GeV/c?. If the distance d2 between the primary and B vertices in the
axial plane exceeded 4 - o(d%), the angle o between the B momentum and the direction from primary to B vertex
in the axial plane was demanded to satisfy the condition cos(a) > 0.95. The distance d2 was allowed to be greater
than d%, provided that the distance between B and D vertices dZP was less than 3 - o(d2P).

The mass spectrum of the (K) system after all these selections is shown in Fig.1. The masses of kaon and pion
were assigned to particles according to the charge of the muon, requiring a =K ~7" final system.

The curve in Fig.1 shows the result of the fit of the K~n mass distribution with a Gaussian signal peak and
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FIG. 2: The mass difference M (D°7) — M (D°) for events with 1.75 < M (D°) < 1.95 GeV/c?. Total number of D* candidates

is found to be 25680 =+ 230. In the fit function the signal and the background have been approximated by sum of two Gaussian
functions and by the sum of exponential and first order polynomial functions, respectively.

polynomial background. The total number of D°candidates in the peak is 103160 4 620. The peak at lower masses
corresponds to the partially reconstructed decay D® — K~n+X where typically a 7° is not detected.

B. Selections for D*

For u~DP candidates, an additional pion with charge opposite to the charge of muon and with pz > 0.18 GeV/c was
searched for. Mass difference AM = M (D°7) — M (D) for all such pions when 1.75 < M (D?) < 1.95 GeV/c? is shown
in Fig.2. The peak, corresponding to the production of p~D*7 is clearly seen. The total number of D* candidates
in the peak is equal to 25680 + 230. The signal and the background have been modelled by a sum of two Gaussian
functions and by the sum of exponential and first-order polynomial functions, respectively.

C. Selections for D**

D** candidates were selected by combining D* candidates with an additional pion, 7**. The D* candidates were
selected in the D*- D° mass difference window between 0.142 and 0.149 GeV/c?. The pion candidate had to have
charge opposite to the charge of the D* candidate and have py > 0.3 GeV/c.

The pion from the D** decay can be selected by its topology since the corresponding track originates from the
D* vertex rather then from the primary vertex. The impact parameters (IP) in the axial plane with respect to the
primary and with respect to the D* vertex were determined for each track. The IP significance was defined as ratio of
the impact parameter and its error. The ratio of IP significances for the primary and secondary vertex was required
to be greater than 4 to select tracks belonging to the secondary vertex rather than to the primary vertex.

The B candidate was reconstructed from p, D* and 7** particles. For all tracks used for the reconstruction of the
B candidate, the number of SMT hits had to be greater than 1 and the number of CFT hits greater than 5. The
decay length of the B meson was restricted to be smaller than 1 cm, the error on the B vertex had to be better than
0.5 mm, and x2 of the vertex fit had to be less than 25. The significance of the decay length of B meson in the axial



D*7* invariant mass |

D@ Run Il Preliminary

[EEN

N

o
|

B B%MV(DS,D;O)X%}.LVD*-THX

250 pb™ 523 + 40 candidates

Events / 0.01 GeV/c °
® 5
o o
| |

2]
o
|

40+ 1 H .‘J

) H il H *’lﬁu"ul gt o

1 | 1 | 1 | 1 | 1 | 1
3.2 2.3 2.4 25 2.6 2.7 .8
M. (Gevic”)

FIG. 3: The invariant mass M (D* ") for events with selections described in the text. The points correspond to the D*m
combinations with opposite charges and the histogram corresponds to the same charge combinations. The total number of
events in the peak is 523 £ 40, where the number of events was determined as the difference in the number of events for the
right and wrong sign combinations in the range of D*7 invariant mass between 2.35 and 2.55 GeV/c?.

plane was required to be greater than 3.

The D** invariant mass after all cuts is shown in Fig. 3. The points correspond to the D*7 combinations with
opposite charges and the histogram corresponds to the same charge combinations. The mass peak in the region
between 2.4 and 2.5 GeV/c? can be interpreted as two merged narrow D** states, D{(2420) and D3°(2460). The
total number of events in the peak is 523 £40. The signal will be a combination of interfering Breit-Wigner functions,
and for now the number of D** candidates was determined as difference in the number of events for the right and
wrong sign combinations in the range of D*r invariant mass between 2.35 and 2.55 GeV/c? in assumption that
the background can be described by the wrong sign combination without any renormalization. In the future the
separate amplitude for each state and relative phase will be extracted assuming they are two interfering Breit-Wigner
resonances.

III. RESULTS

The branching rate for decays to D** can be determined by normalizing to the known values of branching rates to
D* : Br(B — uwwD**X) = (2.75 £ 0.19)% and Br(D** — D) = (67.7 £ 0.5)% [2].

Br(B — uv(D?(2420), D3°(2460))X) - Br(D{(2420), D3°(2460) — D**7 ) =

Br(B D*t X N : 1 '
r(B — uv ) - N[d)a;ta T Br(D*t — DOz ) - €Zen' W

Ngeta and N@te are the numbers of D** and D* candidates as defined above. €* is the relative efficiency to
reconstruct D** with respect to the reconstructed D* mesons and €,,, is the efficiency correction factor accounting
for different efficiency for D** and D* at the generator level due to the softer kinematic distributions of the D**.



TABLE II: Systematic errors

Source Br absolute error Br relative error
D* branching rates 0.020% 7%
MC statistics 0.023% 8%
Normalization to D*/D° 0.023% 8%
P;"" dependence 0.052% 19%
Possible contribution from wide resonance 0.039% 14%
Possible interference effects of D¢ and D3° 0.040% 14%
Different modelling of D*fit 0.010% 4%
Trigger bias 0.020% ™%
Total systematic error 0.088% 32%

The efficiencies € = (34.7+2.9)%, and €;,,, = (85+2)%, were determined from MC simulations using the standard
D@ procedure : EvtGen generator interfaced to PYTHIA, followed by full GEANT modelling of the detector response,
and then standard event reconstruction [9].

Using the inputs defined above :

Br(B — pv(D}(2420), D3°(2460))X) - Br(DY(2420), D3°(2460) — D**x~) = (0.280 + 0.021(stat))%

The statistical error corresponds to the error on the total number of D** in the mass peak. As defined the measured
branching rate includes the quantum mechanical interference to identical D** 7~ states.

IV. SYSTEMATIC ERRORS

The systematic errors for the D** branching rate are summarized in Table II.

All contributions to the systematic uncertainty can be divided into three main groups: uncertainties in the branching
rates used for normalization, uncertainty in the MC modelling of efficiency, and uncertainties due to assumptions about
the signal or background shape.

The contribution from Br(B — D*uvX) and Br(D*t — D) to the systematic error was determined from the
corresponding errors on these branching rates.

Two methods have been used to estimate the uncertainty in the MC efficiency. In the first method, the D** branching
rate has been calculated using two methods of normalization, first to D* and then to D°. The normalization to the
DY branching rate was performed similarly to the D* normalization described above. Difference in the results for the
different methods of normalization may arise partly from the wrong estimate of efficiency in MC. Conservatively, the
full difference was taken as a systematic error from this source.

To further estimate possible systematic effects from the non-ideal modelling of the signal efficiency in MC, the
D** sample was split into two halves : one with PF~ > 1 GeV/c and one with P~ < 1 GeV/c. The branching
rate has been determined independently for those two samples. The two results deviated from the result obtained
with the full sample by + 0.052%. Most of the deviation can be explained by the difference in the pion Pr spectrum
between data and MC. This deviation was conservatively considered as the contribution to the systematic error from
the uncertainty in the MC signal efficiency.

There are predictions and possibly observations [3] of a wide resonance with a mass of 2430 MeV/c? and a width of
380 MeV/c? predominantly decaying to D*m. This resonance is not apparent in our data and it was not used in the
estimation for the number of candidate events. However we evaluated a possible contribution from this resonance by
fitting the narrow D** signal with two Gaussians and allowing a third Gaussian in the fit function with the central
value and sigma fixed to the wide resonance parameters. To decrease the variation of background that can mimic the
effect of the wide resonance, we approximated the background with a straight line with slope determined from the fit
of the combinatorial background of opposite sign. The normalization of the background was allowed to float in one
case and was fixed to the value determined from the fit of the background in the other case. Comparing the number
of events in the two narrow resonances with and without the presence of the third wide resonance, the systematic
uncertainty due to this assumption was estimated to be equal to 0.039%.

Another possible systematic effect related to the shape of the two resonances can originate from the interference
between DY(2420) and D3°(2460). The constructive or destructive interference can result in different behavior of



the tails of the invariant mass distribution. This uncertainty has been estimated comparing the efficiency of the
D** invariant mass window selection used to determine the total number of events in the mass peak for different
assumptions about the phase of the interference. The two resonances were modelled by two Breit-Wigner functional
forms with an abitrary phase between them convoluted with a Gaussian of the detector mass resolution. The uncer-
tainty of 0.040% was determined as difference between two estreme cases corresponding to fully constructive or fully
destructive interference between the resonances.

The systematic error due to the D* fitting procedure was estimated by fitting the D* mass peak and the corre-
sponding background with different functions.

The candidate events were recorded by a variety of single muon triggers. The single muon triggers normally have a
pr threshold and a difference in the muon pp spectrum of D** and D* can result in different trigger efficiency to the
corresponding signals. The resulting trigger bias was estimated comparing muon pr spectra in the MC simulations
of D* and D** and performing the calculation of the D** branching rate for the muon pr cut raised to 4 GeV/c.

All the above sources were assumed to be not correlated and the total systematic error of 0.088% was found by
summing the errors in quadrature.

V. DISCUSSION

According to available LEP results [2], we have the branching rate

Br(B — uvD*" 7~ X) = (0.48 £ 0.10)%.

These measurements were based on topological searches and did not distinguish between resonant and non-resonant
contributions. Our result, therefore, for the first time determines the component of the B — uvD*T7n~X process
proceeding through the narrow D** states. We have determined that this component constitutes slightly more than
one half of the total rate.

VI. CONCLUSIONS

Using 250 pb~! of integrated luminosity accumulated with the D@ detector during the period between April 2002
and January 2004, we have observed semileptonic decays of B — urD?(2420)X and B — purD3°(2460)X and made
a preliminary determination of the product branching rates of

Br(B — uv(DY(2420), D3°(2460))X) - Br(D?(2420), D3°(2460) — D**7~) = (0.280 % 0.021(stat) £ 0.088(syst))%,

where interference between the states is included.
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